I. INTRODUCTION
D EEP brain stimulation (DBS) has become a common neurosurgical treatment for symptoms of motor skill disorders like Parkinson's disease (PD) [1] . In a stereotactic surgery, a stimulation electrode is implanted in a group of nuclei which are responsible for the pathological effects of these disorders [2] . The common nuclei used for treatment are the subthalamic nucleus (STN) and globus pallidus pars interna (GPi), which belong to the so-called basal ganglia and are situated at the base of the forebrain [3] . Of these, the STN remains the preferred target for DBS aiming at the treatment of PD, since an appreciable stimulation result can be achieved with lower signal amplitudes than those used when stimulating the GPi [4] . * C. Schmidt is with the Institute of General Electrical Engineering, University of Rostock, 18057 Rostock, Germany (e-mail: christian.schmidt6@ uni-rostock.de).
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Although the method has become a common procedure in many clinical fields like PD, essential tremor, and dystonia [5] , the fundamental mechanisms of DBS remain uncertain [6] . A deeper understanding of these complex mechanisms can be achieved using computational models. Starting in the last decade many models for predicting the effects of DBS were developed and more insights into the spatial extent of activation [7] - [9] , the required model complexity [10] , and electrode geometry were gained. A possible clinical application of these computational models is the support in planning and performance of the complex stereotactic surgery. Medical software based on finite element models of the brain could be an additional tool for physicians by illustrating the potential neural response to an applied stimulation signal and thus a spatial representation of the volume of tissue activated during surgery [10] . This additional information could help to adjust the location of the DBS lead as well as the stimulation parameters to improve the therapeutic effect. The practical usage of such software depends on the complexity of the input parameters and, therefore, on the computational time needed to compute the finite element and neural response models. For example, an anisotropic brain model including information about tissue heterogeneity and anisotropy would be more complex than an isotropic brain model, which would only require information about tissue heterogeneity. Validation of these models is a challenging task made problematic not only by the various parameters to monitor but also demands careful considerations of ethical issues. First, attempts were made to confirm the theoretical assumptions of DBS models in vivo [11] .
Various factors influencing the field distribution and, therefore, the neural response in the area around the electrode can be categorized by factors regarding the stimulation parameters like waveform shape, frequency, pulse width and amplitude as well as passive factors [12] . The latter condense the model geometry [13] , the electrode size and shape [14] , the electrical properties of brain tissue [15] , [16] , the anisotropic conductivity [17] , the formation of a so-called electric double layer at the electrode contacts [18] , the postoperative cell growth around the implant resulting in an encapsulation layer [19] as well as the position and orientation of the electrode within the target area. The electrode position in the target area is crucial for minimizing side effects of the stimulation. A slight variation of the electrode position can result in unwanted side effects. Stimulation electrodes placed too laterally can lead to tonic muscle contractions, while those placed too medially can lead to conjugate eye deviation [20] . Therefore, the precise implantation of the electrode in the target area is a clinical challenge. Various methods like preoperative MRI and CT sequences as well as intraoperative derivations of microelectrode recordings are used to localize the target area and determine the position of the electrode [21] .
The computation of the electric field distribution in the brain is based on solving the time-harmonic Maxwell's equations under the condition that the propagation of electromagnetic waves as well as effects of induction can be neglected in the model. Negligence of these effects leads to a so-called quasistatic and electroquasistatic equation where the time-harmonic electromagnetic waves propagate instantaneously in space. The quasistatic equation accounts only for purely resistive tissue properties whereas the electro-quasistatic equation accounts for resistive and capacitive tissue properties [22] . In an isotropic finite element model, these tissue properties are determined by scalar values whereas in an anisotropic model, tensors (three dimensional matrices) are necessary to represent the ratio and orientation of the anisotropy.
The anisotropic conductivity of gray and white matter can be derived from diffusion tensor imaging (DTI) by measuring the effective Brownian motion of water molecules applied to a variable magnetic field. It is assumed that the motion of water molecules is linearly dependent on the ionic movement in membranes [23] . Research assessed this assumption to be valid in vitro [24] . The methods to determine the linear factor between diffusion and conductivity tensors differ in the literature from using empirical values [25] , mapping the volumes of isotropic conductivity tensors on anisotropic diffusion tensors [26] to averaging of diffusion data using least-squares method [27] . Other approaches predefined an anisotropy ratio of 1:10 for white matter [28] , [29] . The anisotropy of brain tissue was reported to affect the size and shape of volume of tissue activated in simulations of DBS [30] , [31] . However, to the authors' knowledge, a quantitative simulation study investigating the effect of anisotropy in STN-DBS on several electrode locations by using an anisotropic and heterogeneous finite element model has not yet been carried out.
The aim of this study was to examine the influence of anisotropy of brain tissue as well as the sensitivity of the electrode position to the field distribution in the surrounding medium of the electrode. A 3-D finite element head model idealizing the spatial dimensions of the brain was developed. The brain model comprises the tissue types, gray matter, white matter, and cerebrospinal fluid as well as their electrical properties and anisotropy. For this purpose, datasets acquired from magnetic resonance imaging (MRI) and diffusion tensor magnetic resonance imaging (DT-MRI) were used. The sensitivity of the field distribution to the electrode position was investigated by a parametric study varying the position ±2 mm around the stimulation center. Quasistatic computations considering anisotropic and isotropic conductivities were carried out for unipolar and bipolar electrode configurations. Deviations between anisotropic and isotropic field distributions were computed.
II. METHODS

A. Model Geometry
An idealized human brain was modeled using the SRI24 multichannel brain atlas which comprises 3 T MRI images and tissue segmentations of 24 volunteers spanning from 19 to 84 years old [32] . The overall dimension of the human brain data was idealized by an ellipsoid with the semiaxis 64 mm transversal, 81 mm longitudinal, and 55 mm sagittal resulting in an added up volume of about 1200 cm 3 . This value remains within the range of average brain volumes [33] . The T1-weighted dataset and the coregistered DTI dataset have an isotropic voxel size of 1 mm 3 . Diffusion weighted images in 30 directions were recorded to obtain the DTI data. The brain tissue is segmented into white matter, gray matter, and cerebrospinal fluid. The location of the STN, which is the target area for the stimulation (stimulation center), was determined using a brain atlas and comparing axial, coronal, and sagittal slices of the T1-weighted MRI data with the location of the STN in the atlas images [34] .
The electrode used for stimulating the STN is a platinumiridium electrode with four cylindrical electrode contacts evenly positioned at the electrode tip (Medtronic Mo. 3387, Medtronic Inc.). The electrode was positioned in the target area with the second electrode contact located in the stimulation center. The electrode lead and contacts have a diameter of 1.27 mm, a contact height of 1.5 mm, and a spacing of 1.5 mm between each contact. Since the field distribution in the brain tissue is of particular interest, the electrode volume was subtracted from the model by conserving the insulation and contact surface information. Boundary conditions representing perfect conductors and insulators were then applied to the electrode surfaces. To embed the inflammatory response of the body tissue to the electrode implant, an encapsulation layer with a thickness of 0.2 mm was incorporated around the electrode body. The spherical angles of the electrode lead referring to the room axes were determined out of postsurgical CT scans of a patient who underwent DBS surgery at the University Medicine Greifswald. The azimuthal and polar angles were set to 7
• and 20
• , respectively. In a bipolar electrode configuration, the stimulation and ground electrodes are set to the electrode contacts. For a unipolar electrode configuration, the ground electrode was set to an exterior boundary of the model. Therefore, a plane circle with a radius of 22 mm was added at the bottom of the idealized brain geometry.
Since the focus was on the field distribution within the area around the stimulation center, a region of interest (ROI) in the form of a cuboid with an edge length of 19 mm was modeled around the stimulation center (see Fig. 1 ). A reduction of the model size was obtained by setting heterogeneous and anisotropic material properties within the ROI and leaving the rest of the brain volume isotropic and homogeneous. A parametric study comparing a partially heterogeneous model with a fully heterogeneous model was used to compute the size of the ROI. In this parametric study, it was ensured that the deviation of the potential distribution between the partial and full model within the ROI was below 1%.
B. Electrical Properties of Tissue
The electrical properties of biological tissue, especially the dielectric permittivity, show a frequency dependence from the low-frequency domain of hertz up to the high-frequency domain of gigahertz. Therefore, it is necessary to choose a proper median frequency component and likewise the electrical properties of the brain tissues. For our simulations, we set the median frequency to 1 kHz [35] . The conductivity of gray matter, white matter, and cerebrospinal fluid was computed using a 4-ColeCole term expression (see Table I ) [15] . Due to the inflammatory response of the body tissue to the implant, an encapsulation layer is formed, enclosing the electrode. The inflammatory response results in cell growth in the encapsulation layer changing its electrical properties over time. The time frames can be categorized by an acute phase immediately after surgery and a chronic phase after three weeks. The conductivity of the encapsulation layer was set to match this chronic phase simulating the longterm conditions of DBS (see Table I ) [19] . The conductivity of the encapsulation layer is slightly higher than the conductivity of the brain tissue. This runs contrary to the assumptions made in other studies, where the conductivity of the encapsulation layer was equal to or lower than the conductivity of brain tissue [19] , [36] , [37] . However, the conductivity values of the encapsulation layer as well as the electrical properties of brain tissue also vary over literature and are subject to uncertainties. The main focus of this study lies on the investigation of the anisotropic field distribution in DBS. Therefore, it is assumed that a slight change in the isotropic electrical properties of the very thin encapsulation layer has only a minor influence on the field deviation dominated by the anisotropic conductivity.
C. Anisotropic Conductivity
Tissue anisotropy is known to exist in gray matter and especially in white matter whereas cerebrospinal fluid exhibits a more isotropic behavior [38] . The diffusion of water molecules in gray and white matter is linearly related to the ionic motion in these tissue types [23] . The diffusion values in each voxel are presented by a tensor whose eigenvalues can be geometrically interpreted as the semiaxes of an ellipsoid. Due to the linear relationship, it is possible to calculate the conductivity tensor σ out of the diffusion tensor D multiplied with a scaling factor s:
This can be achieved using a "normalized" mapping approach, where each diffusion tensor eigenvalue d i is multiplied with the isotropic conductivity σ iso of the according tissue (gray or white matter) and scaled to the volume of the diffusion tensor [39] . Hence, the adjusted conductivity eigenvalues σ i are determined by
This method was used to determine the anisotropic conductivity tensors for gray and white matter while the conductivity tensors for cerebrospinal fluid remained isotropic. Within the ROI, the range of the conductivity eigenvalues of gray and white matter was computed. This range is larger for the white matter eigenvalues than for the gray matter eigenvalues (see Table II ). This is in correspondence with theory, since white matter is known to be more anisotropic than gray matter [40] .
D. Finite Element Mesh Generation
An unstructured tetrahedral mesh build using the Delaunay method was implemented and manually adjusted. The electrode contact surfaces were meshed using triangular elements with a maximum element length of 0.2 mm. This value was based on a parametric study of the triangular element length to reduce the alteration of the integral of the current density over the surface area of the stimulation electrode to a value below 1 %. The anisotropic and heterogeneous conductivity information based on the MRI data of the SRI 24 multichannel brain atlas was available in a hexahedral mesh. The values at the nodes of the hexahedral mesh were mapped on the nodes of the tetrahedral mesh within the ROI using a nearest neighbour function. To avoid disconformities between both meshes, the tetrahedral elements within the ROI were set to a maximum element length of 0.5 mm. The resulting model consisted out of 1.4 million mesh elements.
E. Field Computations
In bioelectric applications, the full set of the time-harmonic Maxwell's equations can be simplified under the conditions that the propagation of the electromagnetic waves and the influence of inductive effects are negligible. Besides the material properties of the tissue, these conditions depend on the frequency components of the stimulation signal. For example, a proper remodeling of a common square-wave signal used in DBS therapy with a frequency of 130 Hz and a pulse width of 60 μs needs various harmonic frequencies within the range from hertz to megahertz [41] . Therefore, the mentioned conditions have to be validated not only for the fundamental frequency of the stimulation signal, but for its various frequency components. Regarding the frequency components of a common square-wave stimulation signal, these conditions are fulfilled for the spatial dimensions of the brain and the corresponding tissue types [22] . Under the absence of imposed currents, Maxwell's equations extended by these conditions lead to an instantaneously propagating and eddy-free solution of the electric potential called the time-harmonic electroquasistatic equation
with the electric potential φ, the conductivity σ, the relative permittivity r , and the electric field constant 0 ≈ 8.854 × 10 −12 A s / V m. This equation applies for resistive and capacitive tissue properties. The presence of the dielectric permittivity can be neglected in the equation, if iω 0 r ≈ 0. Considering the electrical properties of brain tissue, this condition is well satisfied for the most important frequencies occurring in stimulation signals of DBS [22] . Therefore, the electroquasistatic equation can be rewritten as the quasistatic equation applying for purely resistive tissue properties
Bipolar and unipolar electrode configurations were investigated. For bipolar electrode configuration, the first electrode contact was grounded and the second was set to active stimulation. Likewise, for unipolar electrode configuration, the second electrode contact was set to active stimulation, whereas the plane circle at the bottom of the brain model was grounded. The remaining electrode contacts were set to floating potential, i.e., no net current flow through the contact surfaces, in both electrode configurations. Dirichlet boundary condition was used to impose an electric potential on the surfaces of the active stimulation electrode and ground. The insulating surfaces of the electrode and the exterior boundary of the model were set to the Neumann boundary condition. Dirichlet and Neumann boundary conditions idealize the material properties of the electrode body by replacing them with the properties of a perfect conductor and perfect insulator, respectively. To reduce the model size, the electrode body was subtracted from the brain model by conserving its surface boundaries. This is reasonable since the material properties of the electrode body resemble the electrical properties of the idealized boundary conditions. The electrode impedance of the heterogeneous and anisotropic brain model was computed by dividing the voltage between the active electrode contact and ground by the integrated current density along the active electrode contact. The resulting impedance was Fig. 2 . Sensitivity analysis of the anisotropic field distribution referring to the position of the electrode. The stimulation center, including the DBS lead, the SSEC, and the ROI was repositioned 125 times. The average field deviation, i.e., the NRMSD, was determined between the isotropic and anisotropic field distributions within the ROI and SSEC at each electrode position. The average anisotropy ratio, i.e., the mean quotient of the longitudinal conductivity σ lon g and the transversal conductivity σ tran s , was computed for the DTI data voxels within the SSEC. Finally, the deviation of the potential distribution and the average anisotropy ratio were compared using the NRMSD.
1485 Ω for the unipolar case, which is in agreement with clinical impedance measurements [42] . The finite element software COMSOL Multiphysics (ver 4.2, Comsol AG) was used to compute the isotropic and anisotropic electric potentials within the volume conductor model. The MRI and DTI datasets, including the information about tissue heterogeneity and anisotropy, were preprocessed in MATLAB (R2011b, Mathworks) and imported into COMSOL Multiphysics. A generalized minimal residual method (GMRES) with a geometric multigrid as preconditioner was used to solve the resulting system of equations. Iteration was stopped when the 2-norm of the residual was below 1 × 10 −6 . Sensitivity analysis of the anisotropic field distribution referring to the position of the electrode was carried out by moving the stimulation center including the DBS lead, the surroundings of the stimulating electrode contact (SSEC), i.e., a cuboid with an edge length of 5 mm representing the possible area of the STN and its vicinity, and the ROI. The stimulation center was repositioned 2 mm along the axes of the global coordinate system with a step size of 1 mm (see Fig. 2 ). Each of the resulting 125 study points was assigned a corresponding electrode location number l ↔ (x, y, z). The average deviation between the anisotropic and isotropic potential field distributions was computed using the normalized root-mean-square deviation (NRMSD) by dividing the root mean square deviation by the range of the maximal Fig. 3 . Orthogonal views in coronary, sagittal and axial orientation of the spatial difference between the anisotropic and isotropic electric potential distributions. The maximum differences were detected in the proximity of the active electrode contact in the unipolar case and supplementary in the proximity of the ground electrode contact in the bipolar case. The active electrode contact was set to a voltage of 1 V. To illustrate the stimulated region within the brain, the projected DBS lead and ROI placed at the location of the STN is shown in orthogonal views of the MRI T1 data taken from the SRI24 multi-channel brain atlas. and minimal observed potential values φ max and φ min :
This average field deviation was computed for the potential distribution within the ROI and SSEC. The latter was compared with the average anisotropy ratio within the SSEC at each electrode position.
III. RESULTS
To assess the influence of the anisotropic conductivity and of the electrode position relative to the location of the STN on the field distribution in DBS, the deviation between the isotropic and anisotropic field distributions of the electric potential was computed at 125 points in an area around the STN. Fig. 3 shows orthogonal views of the T1 MRI data including a projected view of the electrode body placed at the location of the STN. The difference between the isotropic and anisotropic field distributions is shown within the ROI depicted in the orthogonal views. The maximum differences occur in the proximity of the active electrode contact in the unipolar case and supplementary in the proximity of the ground electrode contact in the bipolar case. Fig. 4 shows examples of the isocontour maps of the electric potential within the ROI. The potential isolines of the anisotropic case show a slight variation from those computed in the isotropic case. It is evident that these variations are influenced by the magnitude of the anisotropic conductivity ratio depicted in the isocontour maps of the anisotropic case. Moreover, the isotropic and anisotropic field distributions are influenced by the heterogeneity of the electrical tissue properties within the ROI, resulting in a deviation from the spherical shaped isolines of an isotropic and homogeneous brain model.
The deviations between the isotropic and anisotropic field distributions for bipolar and unipolar electrode configurations remain between 0.5 % and 1 % within the ROI. These deviations increase to values between 1.2 % and 3.2 % when only the SSEC are taken into consideration (see Fig. 5 ). The field deviations averaged over all 125 electrode locations show a slightly larger value for unipolar electrode configuration than for bipolar electrode configuration within the ROI. Considering only the SSEC, this averaged bipolar value resembles the value for unipolar electrode configuration. The averaged field deviations for both electrode configurations are the highest within the SSEC when compared to those within the ROI (see Table III ). Besides the NRMSD of the isotropic and anisotropic field distribution, which provides an averaged value for the investigated area, the relative error of these field distributions was computed at every model node within the SSEC (see Fig. 6 ). Like the absolute errors, the location of the nodes with the highest relative errors remained near the electrode contact, within the encapsulation layer or in the vicinity of the electrode contact (see Fig. 3 ). On average, the number of nodes with relative errors of 15 % or higher was below 1 %. The parametric sweep of the electrode position resulted in an alteration of the field deviation between the isotropic and anisotropic potential distributions. This was observable especially for the deviation within the SSEC (see Fig. 6 ). The peaks of these field deviations occur in an expected pattern dictated by areas of high anisotropy, such as the internal capsule (see Figs. 5 and 6 ). The average anisotropy ratio, i.e., the quotient of the longitudinal anisotropy and the transversal anisotropy, was computed out of the voxels within the SSEC for each electrode position. For cases with a smaller longitudinal than transversal anisotropy, this ratio was inverted. The resulting characteristic curve of the average anisotropy ratio showed almost the same peak positions as the field deviations within the SSEC for unipolar as well as for bipolar electrode configuration (see Figs. 6 and 7) . The discrepancy between this ratio and the field deviations within the SSEC was 8.81 % and 9.95 % for bipolar and unipolar electrode configurations, respectively.
IV. DISCUSSION
The objective of this study was to investigate the influence of anisotropic conductivity on the field distribution in DBS and its sensitivity to the electrode position. The consideration of anisotropic conductivity in a finite element model of DBS affects the resulting model complexity and, therefore, the potential applicability as a supportive tool in clinical fields. A simpler isotropic approach would reduce the model complexity and the amount of input data, since no acquisition and processing of DTI data are needed. Therefore, it is important to evaluate whether the consideration of anisotropic conductivity is necessary in models of DBS or not.
The influence of anisotropic conductivity appears at most in the surroundings of the driven electrode contacts. In this area, which represents the STN and its vicinity, the deviation between the isotropic and anisotropic field distributions is about 2 %. Considering the whole ROI, this deviation decreases below 1 %, since the major changes of the field distribution take place in the immediate vicinity around the driven electrode contacts. The anisotropic conductivity deforms the shape and the spatial extent of the potential isolines as reported in other studies [30] , [31] . The resulting average field deviation within the SSEC is in agreement with an experimental animal study, where simulated isotropic and anisotropic field distributions were compared to experimental results in vivo [11] , and with a simulation study in which isotropic and anisotropic neural activation within the immediate vicinity of the driven electrode contact was determined [17] . Furthermore, a current study reported a marginal influence of anisotropic conductivity on the average field strength within gray matter [26] . The average field deviation for bipolar electrode configuration is slightly smaller than for unipolar electrode configuration. This is caused by the isotropic nature of the encapsulation layer. In contrast to the unipolar case, where only the stimulating electrode contact is encased by the encapsulation layer, the ground electrode contact is also encased reducing the influence of anisotropic tissue. Besides the relatively small deviations within the mentioned areas, higher-than-average relative errors were observed at model nodes in proximity to the electrode surface. These errors can be explained by numerical singularities at the junction between conductor, insulator, and tissue as well as by the changing electrical tissue properties between the encapsulation layer and the brain tissue [14] . In a previous study addressing the influence of anisotropic brain tissue on the field distribution of transcranial magnetic stimulation, maximal relative errors in the range of 10 -30 % were reported [25] . These values are similar to the relative errors observed in proximity to the electrode surface.
The characteristic curves of the average field deviation within the SSEC matched fairly well the average anisotropy ratio of the DTI data within this area (see Figs. 5 and 7 ). The mean difference between the characteristic curves and the average anisotropy ratio was below 9 % and 10 % for bipolar and unipolar electrode configurations, respectively. This made it possible to predict in an average manner the resulting deviations between the isotropic and anisotropic field distributions at every electrode position out of the anisotropy ratio. Recomputing the electrode position out of the electrode location number for the peaks of the characteristic curves and the average anisotropy ratio results in an area which is, in the MRI dataset, close to the internal capsule and corticospinal tract. These brain regions consist of white matter, have evenly oriented fiber pathways and, therefore, have a high anisotropy ratio. A stimulation of these areas could result in field distributions which may not be able to be properly predicted by an isotropic model. Moreover, a DBS electrode placed near the internal capsule could result in unwanted stimulation side effects [10] , [43] .
Within the SSEC, only a small amount of about 2 % of the DTI voxels have an anisotropy ratio greater than 1 : 3 whereas about 82 % of them have a ratio below 1 : 2. These ratios are much smaller than the values reported and used in the literature, where the anisotropy ratio of white matter and neural fibers was determined to be up to 1 : 10 [40] , [44] . The STN is a nucleus consisting out of gray matter. Since the axons within this matter are almost randomly oriented, gray matter has a lesser anisotropy ratio than white matter [45] . Moreover, the fiber pathways around the STN are not parallel, thus yielding a lower anisotropic value than in regions with more parallel pathways, like the internal capsule [46] . These histological properties of the STN and its surroundings explain its small average anisotropy ratio found in this study. Hence, a smaller anisotropic conductivity and therefore a lesser influence on the field distribution within this area was observed. Even with local anisotropy ratios of 1:5 or 1:10, the average field deviations would still be in the order of 6 % to 11 % using the assertions made before.
This study is based on various assumptions and simplifications. To reduce the model size, an ROI, i.e., a cuboid around the stimulation center, was implemented. A partially anisotropic and heterogeneous model was derived, where only the ROI was anisotropic and heterogeneous whereas the rest of the volume conductor model was set to the isotropic and homogeneous conductivity of white matter. The edge length of the ROI was determined out of a parametric study, ensuring that the relative error of the potential within the ROI of a partially heterogeneous model was below 1 % compared to a fully heterogeneous model (data not shown), resulting in an edge length of 19 mm. This constitutes a good approximation for the effects of a fully anisotropic and heterogeneous brain model in the surroundings of the STN. However, for unipolar electrode configuration it might be necessary to include information about tissue heterogeneity and anisotropy in the vicinity of the ground. Studies revealed that the choice of a model geometry which properly represents the real anatomical dimensions is crucial [13] , [28] . The electrical properties of the encapsulation layer used in models of DBS vary tremendously in the literature [19] , [36] , [47] . Determining the electrical properties of the encapsulation layer, and more in general, the electrical properties of body tissue is made challenging due to the number of influencing factors that have to be controlled and ethical issues that have to be dealt with.
The resolution of the DTI data is 1 mm 3 , but axon diameters remain in the order of micrometer. Therefore, the information about the anisotropy ratio and orientation on the microscopic level is averaged to mean values on the macroscopic level, which results in an averaging of the anisotropic conductivity. Insights into effects of a higher anisotropic resolution within a macroscopic model could be obtained by using MRI scanners which allow a voxel size below 1 mm 3 . The segmented MRI dataset used to locate different tissue types within the ROI does not fully render the basal ganglia nuclei. Some white matter areas of the segmented MRI data within the ROI consist anatomically of gray matter. However, a preferably precise segmentation of the deep brain areas is made problematic, since expert advices and therefore manual segmentation steps are necessary. The mesh of the volume conductor model consists of unstructured tetrahedral elements whereas the MRI and DT-MRI data were only available as hexahedral mesh with an isotropic edge length of 1 mm. This leads to deviations between the tetrahedral and hexahedral meshes, which were compensated by setting the maximum element length of the tetrahedral elements within the ROI to 0.5 mm.
In this study, a quasistatic approach based on the conductivity of biological tissue was used. Accounting not only for the tissue conductivity, but also for the tissue permittivity by using an electroquasistatic approach could lead to a more realistic field distribution [36] , [48] . However, the deviation between the isotropic and anisotropic field distributions using an electroquasistatic approach, where the dielectric permittivity remained isotropic, yielded the same results as the presented quasistatic approach (data not shown). A more reasonable assumption would be that the permittivity is anisotropic and oriented perpendicularly to the anisotropic conductivity along cell membranes [49] .
To assess the deviation between isotropic and anisotropic field distributions, the potential field was evaluated. A better approach could be to use the neural response as a rating criterion for the influence of anisotropy in DBS. A common procedure to evaluate this influence is the determination of the volume of tissue activated [30] , [31] . However, the volume of tissue activated is based on various assumptions. For example, the axons must be oriented perpendicular to the electrode symmetry axis. Since the dendrites and axons within the area of the STN are oriented almost randomly, an investigation on the cellular level could be of assistance in determining the effect of the field distribution on the neurons.
V. CONCLUSION
In this study, the influence of anisotropic conductivity of brain tissue in the area of the STN as well as the sensitivity of the field distribution to the electrode position was investigated. The highest effect of anisotropic conductivity was found to be in the vicinity of the electrode contact surface. In an area around the STN, the average deviation between the anisotropic and isotropic field distributions was about 2 %. Within this area, the anisotropic conductivity influenced the shape and expansion of the isolines of the potential field. This field distribution changed due to the electrode position, which caused larger field deviations near areas where increased anisotropy ratios were noted. The deviation between the isotropic and anisotropic field distributions was found to be dependent on the anisotropy ratio in the SSEC and could be predicted with an average relative error margin of 10 %.
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